A Unique Representation of Heat Allodynia in the Human
The collective evidence thus suggests that the periphleft volar forearm to a constant plateau at either 2ЊC eral and spinal mechanisms of heat allodynia and normal below or 2ЊC above individual HPTn. At the time of the heat pain are different. To determine if normal heat pain injection, we kept the probe immobile to prevent any and heat allodynia produce different forebrain remechanical allodynia during trials with sensitized skin. sponses, we performed positron emission tomography
The ramp started approximately 10 s later, 5 s after the (PET) scans of regional cerebral blood flow (rCBF) in estimated arrival of the radioactivity in the brain and at healthy volunteers, using topical capsaicin to induce the onset of PET data acquisition. We first tested the heat allodynia at the same perceived intensity as normal normal skin followed by the capsaicin-treated skin. The heat pain. We applied the heat stimuli with a slow ramp first scan of either skin condition was a resting scan, phase of 0.9ЊC/s to both normal and capsaicin-treated followed by two repetitions of either temperature in a skin (Figure 1 ). Slow heating preferentially excites capsequence balanced over two groups of test subjects. saicin-sensitive C nociceptors (Yeomans and Proudfit, The starting temperature for the high intensity stimulus 1996).
was 4ЊC above that of the low intensity stimulus, rendering the duration of the ramp phase identical for both intensities. We measured the HPTc on sensitized skin Results after the resting scan following capsaicin treatment and after the last scan. The average of these two values was Psychophysics 41.1ЊC (Ϯ 1.9 SD). Thus, capsaicin treatment decreased Fourteen right-handed male subjects (mean age 23.9 Ϯ the heat pain threshold by approximately 4ЊC (dotted 4.6 years) underwent 10 PET scans after the injection line in Figure 1A ), which allowed us to elicit a pain reof radioactively labeled water. The stimulus-time profile sponse with the low intensity stimulus on capsaicinand the sequence of events during the PET session are treated skin that was similar to that elicited by the high given in Figures 1A and 1B . We determined the heat intensity stimulus on normal skin. pain threshold (HPTn) to the slowly ramped stimulus on
We confirmed the match of intensity ratings between normal skin (av. 45.5ЊC Ϯ 1.6 SD) when each subject these two stimuli over the whole 60 s period by using was in the scanner. During scans, subjects received the same slowly ramped heat stimuli in the same subeither no stimulation (resting scan, no probe contact) or slowly ramped (0.9ЊC/s) contact heat stimulation of the jects while obtaining continuous VAS recordings in pre-between intensity ratings of the indicated stimuli. Although the VAS value at the starting temperature of the low intensity stimulus on the sensitized skin was significantly higher (p Ͻ 0.01) than that of the high intensity stimulation on normal skin, the two rating curves converge within 3 s upon further stimulation and are not significantly different throughout the whole stimulation period. In contrast, the pain intensity difference between low and high stimulus intensities is significant throughout the 60 s stimulus period on both normal and sensitized skin. When reported by single VAS values inside the scanner, the average intensity rating (two repetitions, all test subjects) during the low intensity stimulus on capsaicintreated skin was also similar to that obtained with the high intensity stimulus on normal skin (t ϭ 0.13, p ϭ 0.90; Figure 3, top) . In addition to the main effects of stimulus intensity (F ϭ 68.4, p Ͻ 0.001) and skin condition (F ϭ 117.0, p Ͻ 0.001) on perceived intensity, skin condition interacted with stimulus intensity due to the greater effect of capsaicin on low compared to high stimulus intensity (condition by intensity: F ϭ 38.7, p Ͻ 0.001). Furthermore, unpleasantness was more enhanced than perceived intensity during sensitization (condition ϫ VAS dimension: F ϭ 12.61, p Ͻ 0.01; paired t test of the differences: t ϭ 3.55; p Ͻ 0.01; Figure 3 , bottom). A short form of the McGill pain questionnaire further examined qualitative differences of pain perception across conditions. Although the sensory score did not differ significantly (t ϭ 1.4, p ϭ 0.17), the affective score increased during the low intensity stimulus on sensitized skin compared with the high intensity stimulus on normal skin (t ϭ 2.1, p ϭ 0.05). The effect of capsaicin alone yielded a VAS of 5.4 (Ϯ 1.6 SD) following the resting scan after capsaicin treatment, which is slightly above the VAS at heat pain threshold (VAS ϭ 4.6; see Experimental Procedures). The spontaneous pain of capsaicin itself decreased gradually to below pain threshold within approximately 30 min after removal of the filter paper. Thus, while some ongoing pain due to capsaicin itself was present when no thermal probe high stimulus intensity on normal skin versus low stimulus intensity on sensitized skin (filled circles), and high versus low stimulus intensity on sensitized skin (filled triangles). Table  1 ). Thus, on sensitized skin, an increase of applied and perceived stimulus intensity produced a decrease, rather than increase, in the activity of structures uniquely Row B: heat allodynia. Same as above except that the left forearm is stimulated with a slowly ramping contact heat stimulus to sensitized skin 2ЊC below each individual's heat pain threshold on normal skin (HPTn). Row C: same as above except that the stimulus is applied to sensitized skin 2ЊC above HPTn on normal skin. Rows D and E: same as rows B and C with stimuli applied to the normal skin. Bottom row: The subtraction map of row B minus row E representing the difference between sensitized and normal skin during equally intense pain intensities. Responses of rCBF are superimposed on transverse (right hemisphere to the left) slices at four levels relative to the line connecting anterior and posterior commissure (AC-PC) of a magnetic resonance imaging (MRI) brain scan anatomically transformed to stereotactic atlas coordinates (Minoshima et al., 1994) . Despite the same level of perceived intensity, the difference in skin conditions (B-E) is represented by strong activation of the medial thalamus, anterior insula/putamen (right Ͼ left), perigenual cingulate cortex, bilateral orbitofrontal and dorsolateral prefrontal cortices, and the dorsomedial midbrain (see Table 2 , column A). Note that activity in ventrolateral thalamus, mid/posterior insula, and parietal inferior lobule (BA 40) is present in both conditions (rows B and E) and therefore eliminated in the subtraction shown in the bottom row.
Regional Blood Flow Responses
(see also The above findings reveal a dissociation of the effect of perceived intensity from the effect of skin sensitization. To examine this observation in more detail, we used the peak voxel coordinates determined by activity (peak voxel Z score Ͼ 3.5) during heat allodynia when compared with equally intense normal heat pain (Table  2, (Table 2 , column A), we computed 2-way repeated measures analyses of variance (ANOVA) with stimulus intensity (low versus high, column B of Table  2 ) and skin condition (normal versus sensitized, column C of Table 2 ) as effects. Whereas the consistent increase of rCBF due to skin sensitization is expected because the VOI have been identified according to this effect (column C, Table 2), the high stimulus intensity yields generally smaller rCBF responses compared to the low stimulus intensity (column B, Table 2 ). These decreases in rCBF response reach statistical significance in six VOI (dorsolateral prefrontal (BA 9/8) and medial/orbital (BA 10) cortices of both hemispheres, the right anterior insula, the perigenual anterior cingulate cortex (BA 32), and the right ventral putamen). Marginally significant decreases of rCBF appear in the medial thalamus and the right superior and mid frontal cortex. In none of these VOI is there a significant interaction of intensity with skin condition. Thus, activity in these regions is associated with skin condition and is not dependent on stimulus intensity. Indeed, normally nonpainful stimulus intensities activate these particular structures more than normally painful stimulation of normal or capsaicintreated skin. These results are consistent with the fact that we obtained a statistical image (Figures 4B-4E ) following the subtraction of images acquired during heat allodynia from those acquired during normal heat pain that was perceived as equally intense (Figures 2 and 3) .
Discussion
This study shows that the forebrain activity during capsaicin-induced cutaneous heat allodynia is physiologically different from normal cutaneous heat pain at equal levels of perceived pain intensity. During heat allodynia, there is a unique activation of the medial thalamus, the contralateral right ventral putamen, the dorsal midbrain, and limbic brain structures of both hemispheres such as the right anterior insula, perigenual cingulate cortex, and the prefrontal and orbitofrontal cortices. This observed difference between heat allodynia and normal heat pain cannot be attributed to differences in per- ). 1 st row: low intensity stimulus on sensitized skin (heat allodynia) minus equally intense high intensity stimulus on normal skin using constant slowly ramped heat. 2 nd row: early phases (scanning start at beginning of stimulation) of heat pain (50ЊC) minus warmth (40ЊC) using repeated preset contact heat stimuli on normal skin. 3 rd row: late phases (scanning starts 40 s after beginning of stimulation) of heat pain (50ЊC) minus warmth (40ЊC) using repeated preset contact heat stimuli on normal skin. Note that during late scanning of normal heat pain (3 rd row), peak activation appears in the lateral thalamus merged with activity of the lenticular nuclei (left: x ϭ Ϫ21, y ϭ Ϫ15, z ϭ 9; Z score ϭ 5.3; right: x ϭ 28, y ϭ Ϫ13, z ϭ 7; Z score ϭ 4.9) and mid/posterior regions of the insula (left: x ϭ Ϫ35, y ϭ 3, z ϭ 4; Z score ϭ 4.4; right: x ϭ 39, y ϭ 1, z ϭ 11; Z score ϭ 6.6). In addition, there is significant and borderline activity in sensorimotor (BA 4: x ϭ 24, y ϭ Ϫ17, z ϭ 58; Z score ϭ 4.8) and premotor cortex (BA 6: x ϭ 51, y ϭ Ϫ4, z ϭ 38; Z score ϭ 3.4) contralateral to the stimulated left forearm, best seen in the superior view (right hemisphere on the right). Early differs from late phases of heat pain mainly by less thalamic, mid/posterior insula, sensorimotor cortex, and cerebellar activities and by more anterior insula and prefrontal activity. In contrast, the medial thalamus is maximally active during heat allodynia. Although the anterior insula is activated by both early normal heat pain and heat allodynia, the latter yields much stronger prefrontal and orbitofrontal cortex activity in both hemispheres. Abbreviations: RT ϭ right; LT ϭ left; LAT ϭ lateral; MED ϭ medial; SUP ϭ superior; ant ϭ anterior; PFC ϭ prefrontal cortex; OFC ϭ orbitofrontal cortex; CC ϭ cingulate cortex; MB ϭ midbrain; mTh ϭ medial thalamus; LTh ϭ lateral thalamus; Lent n ϭ lenticular nucleus; premot C ϭ premotor cortex; CBL ϭ cerebellum. ceived intensity because much greater and more suspain (Casey et al., 2001), and consequently evoked a PET activation pattern that is strikingly different from tained differences in the perceived intensities of heat applied to either normal or sensitized skin (Figures 2 that of heat allodynia. Second, a greater anticipation of pain upon stimulating sensitized skin could activate the and 3) did not reveal significant differences in brain response. Furthermore, increasing the intensity of heat anterior insular and perigenual cingulate cortex during heat allodynia (Ploghaus et al., 1999). Finally, the generapplied to sensitized skin reduced, rather than increased, the activity in those structures that are uniquely ally greater ipsilateral thalamic activity during slowly ramped painful heat could be related to the tonic nature activated during heat allodynia (compare A, B, and C of Figure 4 ; note column B, Table 2 ventral putamen, dorsomedial midbrain, and prominent circuits within the frontal lobe and ventral striatum. The results suggest that heat allodynia engages motor bilateral frontal lobe involvement. Early scanning (middle row) during normal heat pain evokes bilateral prefrontal mechanisms that are influenced strongly by motivational and emotional context. and anterior insula activity, but these structures do not respond as the stimulus continues (bottom row) as in Normally noxious temperatures reduced the activation of some brain areas specifically responding during the present study. During the late phase of normal heat pain, there is maximal activity in the mid/posterior insula heat allodynia (Table 2 , column B). The mechanism of this suppressive effect is unknown. It is possible that and lateral thalamus. These structures show significant intensity dependency over a range of stimulus temperathe neuronal mechanisms that mediate normal heat pain intensity impair the activation of pathways mediating tures during normal heat pain (Coghill et al., 1999) . However, they are active also during heat allodynia, so do heat allodynia, but this hypothesis remains to be tested in other experiments. not appear in the statistical image comparison of these two conditions (Figures 4B-4E) . In contrast, the right anterior insula is active (Figures 4B-4E (2001) recently showed that histamine respond during the late phases of normal heat pain but not during heat allodynia. In addition, activity in the cinexcites specific spinothalamic projection neurons, suggesting a unique chemogenic pathway. Therefore, it is gulate cortex during normal heat pain appears caudal (BA 24) to the perigenual areas (BA 32) that are active possible that topical capsaicin activates a chemogenic pain pathway that is exaggerated by heat. In contrast, during heat allodynia.
We also observed that activity in the putamen is more intense heating of normal skin could activate the capsaicin-insensitive VRL-1 receptor (Caterina et al., 1999) ventral during heat allodynia than during normal heat pain ( Figures 4B, 4E , and 4B-4E; Table 1, columns B and a different central pathway. However, we need additional studies to determine which particular biochemical and E; Table 2 Noxious heat applied to normal skin evokes a heat pain contrast, the medial thalamus is densely connected with sensation that is subjectively and physiologically differthe frontal lobe and relays nociceptive information to ent from the pain produced by the application of northe prefrontal cortex, the anterior cingulate gyrus, and mally innocuous heat to skin sensitized by topical capanterior insula. These structures are components of the saicin (heat allodynia). The difference between normal "limbic system," which has long been associated with heat pain and innocuous warmth includes activity in emotional reactions and motivated behaviors (MacLean, the cerebellum, bilateral lateral thalamus, contralateral 1955, 1957). We found a significantly greater rating of dorsal putamen, contralateral sensorimotor and premoaffect induced during heat allodynia in comparison with tor cortex, bilateral anterior and midposterior insula, and normal heat pain, which is consistent with the role of in the midanterior cingulate cortex. In contrast, the difmedial thalamic pathways in mediating affective and ference between normal heat pain and equally intense cognitive determinants of pain ( (Worsley et al., 1992) 
